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Abstract 

Experiments  are  described  in  which  a  plasma  compres¬ 
sion  opening  switch  is  used  in  planar  geometry  to 
sharpen  the  output  pulse  of  an  explosive-driven  mag¬ 
netic  flux  compression  generator.  Included  are  data 
from  tests  where  peak  opening  switch  currents  range 
from  5.7  to  9.3  MA.  The  switch  is  used  to  transfer 
current  to  a  static  low-inductance  load  (~10  nH)  with 
an  efficiency  of  50%  or  better  and  a  risetime  as  low 
as  0.45  ps.  Results  related  to  current  transfer  are 
interpreted  within  a  simple  analytical  model. 

Introduction 

Pulse  sharpening  with  a  plasma  compression  opening 
switch  technique  was  first  reported  by  Pavlovskii  et 
al.  The  opening  mechanism  in  their  switch  was  an  in¬ 
crease  in  plasma  resistance  caused  by  the  explosive 
compression  of  a  cylindrical  plasma  cavity.  The  power 
source  in  the  Pavlovskii  experiment  was  an  explosive- 
driven  magnetic  flux  compression  generator.  We  have 
adapted  the  plasma  compression  technique  to  planar  ge¬ 
ometry  for  use  with  plate-type  explosive  genera¬ 
tors.  In  work  reported  previously,3-3  small  scale 
tests  were  performed  at  moderate  currents  to  establish 
parameters  for  the  technique.  These  smaller  devices 
employed  high  quality,  inexpensive  plane-wave  lens 
detonation  systems.  We  report  here  the  results  of  ex¬ 
periments  with  switches  that  are  increased  in  size  for 
currents  in  the  5-10  MA  range.  Used  with  plate  gener¬ 
ators,  these  switches  now  provide  a  practical  source 
for  current  pulses  with  risetimes  of  a  microsecond  or 
less.  The  results  presented  here  are  from  experiments 
that  characterize  the  opening  switch  in  circuits  con¬ 
taining  static,  low  inductance  loads.  Other  papers  in 
this  conference  report  on  the  use  of  the  switch  to 
drive  a  dynamic  Z-pinch  load. 

Pulsed  Power  System 

The  circuit  for  the  system  is  shown  in  Fig.  1.  The 
components  are  an  explosive  generator  denoted  by  a 
time-dependent  inductance  L, ,  an  opening  switch 
represented  by  L£  and  a  variable  resistance  R2,  a 
closing  switch  S  and  a  load  L3.  Transmission  line  in¬ 
ductances  are  lumped  into  the  component  parameters. 
The  generators  used  in  our  experiments  are  described 
by  Caird  et  al.  Typical  generator  characteristics 
are  initial  inductance  of  250-300  nH,  peak  source  im¬ 
pedance  of  30-40  mS2,  and  generator  (flux)  compression 
time  of  14-15  qs.  Into  very  low  impedance  loads  (a 
few  nH  and  a  few  mfl) ,  the  plate  generators  used  here 
are  capable  of  producing  currents  as  high  as  15  MA. 

The  planar  opening  switch  is  shown  in  Figs.  2  and  3. 
The  top  plate  of  the  parallel  plate  combination  is 
shown  in  Fig.  2.  The  generator  is  attached  to  the 
upper  and  lower  plates  of  this  combination  at 
position  1.  The  load  assemblies,  isolated  by  closing 
switches,  are  attached  at  positions  2  or  3.  A  side 
view  cutaway  of  the  switch  is  depicted  in  Fig.  3.  A 
capacitor  bank  (not  indicated  in  Fig.  1)  is  used  to 
drive  current  through  the  generator  and  opening  switch 
to  establish  magnetic  flux  in  the  generator  and  to 
create  conducting  plasma  in  the  switch  channels.  The 
plasmas  are  initiated  from  thin  films  of  aluminum  that 
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Fig.  1.  Circuit  for  opening  switch  tests. 

have  been  vapor  deposited  on  the  Teflon  insulators. 
Current  flows  radially  inward  in  the  upper  channel  of 
Fig.  3,  and  outward  in  the  lower  channel.  Plasma  com¬ 
pression  is  obtained  from  the  breakout  of  planar  deto¬ 
nation  fronts  from  the  explosive  disks.  The  high 
quality  fronts  are  obtained  from  explosive  lenses  (not 
shown),  which  are  placed  on  the  PBX  9501  compression 
charges. 

The  closing  switches  were  arranged  in  a  variety  of 
multichannel  line  configurations.  In  all  cases  they 
used  sheets  of  polyethylene  to  separate  switch  elec¬ 
trodes.  The  polyethylene  sheets  were  punctured  in  a 
number  of  places  by  the  action  of  small  explosive 
charges.  The  sensitivity  of  these  devices  to  the 
voltage  across  the  switch  dielectric  requires  in  situ 
testing  to  determine  precise  switch  closing  time  under 
experimental  conditions.  We  have  used  the  switches  to 
hold  off  and  then  close  at  voltages  from  20  to  70  kV. 

The  loads  for  these  experiments  were  single-turn  coil 
blocks  designed  for  a  specific  fixed  inductance. 
Initially,  we  connected  a  single  15-nH  load  at 
position  2  of  Fig.  2.  In  order  to  decrease  the  effec¬ 
tive  load  inductance  in  subsequent  experiments,  we 
used  parallel  loads  at  positions  3.  In  the  latter 
configuration  the  load  inductances  were  reduced  to 
6-8  nH. 

The  desired  sequence  in  operating  the  pulsed  power 
system  begins  with  loading  the  initial  flux  into  the 
circuit  and  generating  the  conducting  plasma  in  the 
switch  cavities.  The  capacitor  bank  discharge  for 
this  process  requires  about  40  ps.  The  explosive  gen¬ 
erator  is  then  actuated,  first  trapping  the  initial 
flux  in  the  generator  volume  and  then  compressing  it 
to  amplify  current  in  the  circuit.  At  an  appropriate 
time,  the  plasmas  in  the  opening  switch  are  com¬ 
pressed,  giving  rise  to  a  fast  increase  in  the  plasma 
resistance.  As  the  voltage  rises  across  the  opening 
switch,  the  closing  switch  is  actuated  to  allow  cur¬ 
rent  to  flow  in  the  load. 

In  each  of  our  experiments,  Rogowsky  coils  were  used 
to  measure  dl/dt  in  the  generator,  opening  switch  and 
load  branches.  These  signals  were  passively  inte¬ 
grated  to  obtain  the  branch  currents.  Voltage  across 
the  opening  switch  was  measured  by  monitoring  the  cur¬ 
rent  through  a  CuSO^  shunt  resistor  with  a  Pearson 
self-integrating  current  monitor.  These  diagnostics 
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power  and  dissipated  energy. 
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Fig.  2.  Top  view  of  planar  plasma  compression  switch. 

Current  flows  radially  between  inner  and 
outer  electrodes.  Generator  attaches  at  1 
and  loads  at  either  2  or  3. 
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Electrode 


Ij  =  I2.  After  that  time  Ij  =  I2  +  I3.  The  measured 
voltage  across  the  opening  switch  and  dly/dt  through 
it  are  also  shown.  These  two  curves  and  I2  are  used 
to  determine  the  opening  switch  resistance  from  the 
relationship  R2  =  [V  -  L2(dI2/dt)]/I2,  assuming 
L2  =  7  nH  as  measured  in  our  tests.  The  resistance 
curve  shown  in  Fig.  4  is,  however,  not  completely 
typical  of  our  experiments.  In  many  of  the  experi¬ 
ments,  the  decrease  in  resistance  seen  in  Fig.  4 
(beginning  at  ~14.3  ps)  is  followed  by  a  further  in¬ 
crease  some  0.2-0. 3  ps  later. 
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Fig.  3.  Side  view  cutaway  of  planar  plasma  compres¬ 
sion  switch.  There  are  identical  geometries 
on  both  sides  of  the  device  although  compo¬ 
nents  are  only  labelled  on  one  side.  Plasma 
cavities  are  0.3  cm  thick,  and  the  plasma  is 
initiated  from  0.5  pm  thick  aluminum  films 
deposited  on  the  annular  Teflon  surfaces. 
The  high  explosive  is  2.5  cm  thick  and 
30.5  cm  in  diameter. 

Results 

The  performance  of  our  pulse  power  system  is 
illustrated  in  Fig.  4,  which  includes  the  most  impor¬ 
tant  waveforms  from  one  of  our  tests.  To  reveal  the 
details  of  interest,  we  show  only  a  3-ps  interval  late 
in  the  generator  compression  time.  The  currents  shown 
are  those  measured  in  each  branch  of  the  circuit  of 
Fig.  1.  At  times  prior  to  switching  in  the  load. 


Fig.  4.  Performance  data  from  an  opening  switch  test. 

1^  and  I3  are  also  shown  as  experiment  D  in 

Figs.  5  and  6. 

The  experimental  parameter  that  presently  correlates 
most  closely  with  the  post-peak  resistance  behavior  is 
the  I^R  power  developed  in  the  opening  switch.  The 
peak  power  in  the  experiment  of  Fig.  4  is  1  TW.  In  a 
similar  test  where  the  power  level  reached  only 
0.8  TW,  the  resistance  curve  tracked  that  shown  in 
Fig.  4  until  its  decrease  to  50  mfl.  It  then 
recovered,  increased  to  more  than  80  mfl  by  14.8  ps, 
and  continued  to  increase  until  the  diagnostics  were 
destroyed  a  short  time  later.  A  useful  resistance 
spike  has  been  generated  in  another  experiment  with  a 
peak  power  of  ~1.4  TW.  But  in  a  test  where  a  peak  of 
1.7  TW  occurred,  the  initial  resistance  spike  failed 
to  exceed  30  mfl,  and  dropped  to  10  mfl  after  the  ini¬ 
tial  spike.  While  further  work  is  required  to 
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quantify  this  relationship,  it  presently  appears  to  be 
a  useful  indicator  of  switch  limitations. 

Our  system  has  been  found  to  operate  well  over  a 
limited  parameter  range.  To  demonstrate  its  capabili¬ 
ty  within  this  range,  we  compare  generator  currents 
(Ij)  in  Fig.  5  and  load  currents  (I3)  in  Fig.  6  from 
four  tests.  Experiment  D  is  that  shown  in  the  data  of 
Fig.  4.  As  discussed  in  the  previous  section,  we  per¬ 
formed  experiments  with  different  load  inductances. 
We  also  varied  the  timing  of  the  opening/closing 
switching  sequence  with  respect  to  generator  compres¬ 
sion  and  varied  the  relative  timing  between  the 
opening  and  closing  switches.  Table  I  summarizes  pa¬ 
rameters  which  characterize  the  load  pulses. 
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In  examining  the  generator  currents  in  Fig.  5,  we 
first  point  out  that  they  peak  at  different  times  due 
to  actuation  of  the  opening  switches  at  different 
times.  In  the  absence  of  switching,  the  currents 
would  have  achieved  roughly  the  same  peak  value  at  the 
end  of  the  generator  runs,  ~15  ps  for  experiments  A-C 
and  ~14  ps  for  experiment  D  (due  to  geometry 
adjustments  in  the  generator).  We  also  note  that  the 
voltage  produced  by  the  opening  switch  overwhelms  the 
generator /source  output  for  a  short  time.  If  this 
occurs  near  the  end  of  the  generator  compression 
pulse,  generator  peak  current  is  determined  by  the 
onset  of  the  opening  switch  action.  This  is  the  case 
for  each  of  the  curves  shown,  although  A  and  C  show 
some  recovery  due  to  further  flux  compression.  The 
other  variation  caused  by  changing  the  timing  of  the 
switching  sequence  is  in  the  circuit  current  (1^  =  I2) 
prior  to  switching. 

The  differences  in  the  initial  rate  of  rise  of  the 
load  currents  in  Fig.  6  illustrate  the  effect  of 
altering  the  relative  timing  between  the  opening  and 
closing  switches.  Curve  C,  for  instance,  was 
generated  by  closing  the  load  circuit  switch  ~150  ns 
before  the  onset  of  the  resistance  rise  in  the  opening 
switch,  while  the  more  abruptly  rising  curve  D  was  ob¬ 
tained  by  closing  the  load  switch  after  the  voltage 
had  begun  to  rise  across  the  opening  switch.  A 
reasonably  accurate  measure  of  this  difference  can  be 
made  by  comparing  the  time  of  generator  current  peak 
in  Fig.  5  to  the  time  of  initial  load  current.  Apart 
from  those  features  due  to  variations  in  relative 
opening/closing  switch  times,  the  load  current  pulses 
are  determined  by  the  circuit  parameters  and  the  tim¬ 
ing  of  the  transfer  process  with  respect  to  the  gener¬ 
ator  pulse. 

Simple  Model 


Fig.  5.  Final  few  microseconds  of  generator  current 
pulse  for  four  experiments.  Generator  flux 
compression  begins  at  zero  on  this  time 
scale. 
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It  is  instructive  to  examine  our  results  in  terms  of  a 
simple  analytical  model.  At  some  arbitrary  time  tQ, 
the  circuit  in  Fig.  1  is  assumed  to  have  a  storage  in¬ 
ductor  Lj  with  fixed  inductance,  a  fixed  resistance 
R2>  and  a  current  I  which  flows  through  Lj  and  R2. 
As  switch  S  closes  instantaneously,  current  is  trans¬ 
ferred  to  L3  according  to 

L1  r  -<t-t  )/x 

X3  =  I7TT;  X°[1  "  6  1  ’  Where 

L^L»2  1^3  L2L3 

T  R(Lj  +  L3)  ' 


Within  the  assumptions  of  the  model,  the  peak  current 
transferred  is  a  function  of  the  store  and  the 
load  L3.  Further,  the  maximum  load  current  is 
approached  with  a  time  constant  x  that  is  a  function 
of  the  circuit  inductances  and  the  opening  switch 
resistance. 
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Fig.  6.  Load  pulses  for  tests  shown  in  Fig.  5. 


Table  I. 

Load  Pulse 

Parameters 

Experiment 

I^max) 

Risetime 

(e-fold) 

Risetime 

(10-90%) 

l3 

A 

4.7  MA 

0.45  ps 

1.10  ps 

15.0  nH 

B 

4.6 

0.35 

0.54 

15.0 

C 

6.7 

0.45 

0.90 

6.5 

D 

4.8 

0.30 

0.45 

8.0 

To  apply  the  model  to  our  experiments,  we  set  Lj  equal 
to  the  inductance  of  the  generator  at  closing  switch 
time,  IQ  equal  to  the  current  (1^  =  I2)  just  prior  to 
closing  switch  time,  and  R2  equal  to  some  resistance 
in  the  opening  switch.  To  a  first  approximation,  we 
ignore  the  time  dependence  of  the  generator  during  the 
load  pulse  and  make  the  following  observations.  Since 
Lj  decreases  in  time  as  IQ  increases,  we  have  availa¬ 
ble  a  smaller  fraction  of  a  larger  current  when  we 
actuate  the  switching  sequence  later  in  the  generator 
run.  The  transfer  rate,  however,  increases  as  the 
generator  inductance  decreases.  As  a  result,  peak 
current,  transfer  efficiency  and  transfer  time  are  de¬ 
pendent  on  the  choice  of  switch  time. 


214 


Such  behavior  is  evident  in  our  data.  Experiments  A 
and  B  in  Figs.  5  and  6  show  the  effect  of  switching  at 
different  times  in  the  generator  run.  By 
normalizing  A  to  the  same  generator  current  profile  as 
B,  the  load  current  pulse  A  should  have  reached  a  peak 
of  5.5  MA  with  an  e-folding  time  of  0.45  ps.  Although 
the  current  in  the  opening  switch  has  exceeded  9  MA  in 
experiment  B  at  switch  time,  only  a  4.6  MA  peak  load 
current  is  achieved,  but  with  a  faster  e-folding  time 
of  0.35  ps.  Comparing  curves  A  and  C  reveals  the 
expected  effect  of  reducing  the  load  inductance  for 
better  transfer  efficiency  at  comparable  risetimes. 
Finally,  curve  D  is  a  reasonably  optimized  experiment 
in  which  a  good  ratio  of  system  inductance  is  coupled 
with  relative  opening/closing  times  adjusted  for  the 
fastest  initial  current  rise.  An  inductance  of  ~20  nH 
is  estimated  for  L^  at  switch  time  in  this  experiment, 
and  75%  of  peak  current  is  transferred  to  the  load 
with  an  e-folding  time  of  0.30  ps. 

In  each  of  these  experiments,  some  flux  compression 
does  indeed  occur  during  the  load  pulse.  This  has  the 
effect  of  increasing  peak  load  current  above  that 
predicted  by  the  terra  IQL1/(L^  +  Lj).  Such  an  effect 
is  greater  in  experiments  where  the  switching  time  is 
earlier  in  the  generator  compression  run.  However,  in 
none  of  the  experiments  discussed  here  is  the  induc¬ 
tance  Lj  +  L^  reduced  by  more  than  30%  during  the  load 
pulse.  With  no  losses,  a  30%  reduction  in  +  L^ 
would  provide  for  a  peak  current  1.3  times  the  value 
predicted  in  our  simple  model.  The  effect  is  reduced 
when  losses  are  included. 

Finally,  we  compare  the  results  of  a  fit  of  our  model 
to  the  current  transfer  data  of  experiment  D.  This 
experiment  is  selected  for  comparison  since  very 
little  flux  compression  remained  after  switch  time. 
We  should  therefore  see  the  least  deviation  from  our 
model.  A  value  of  20  nH  for  the  generator  inductance 
is  obtained  from  an  appropriate  generator  model  and 
experimental  timing.  Values  for  L2  and  Lj  (7  and 
8  nH)  were  measured  prior  to  the  experiment.  The  load 
pulse  Ij  has  been  calculated  as  a  function  of  time 
assuming  values  for  IQ  from  the  data  in  Fig.  4.  A 
value  of  R2  =  40  mfl  was  selected  for  a  best  fit. 
Representative  points  from  the  calculation  overlay  the 
measured  waveform  for  1 3  in  Fig.  4.  Since  the  switch 
resistance  increases  on  a  time  scale  similar  to  that 
of  the  load  pulse,  a  square  wave  resistance  to  simu¬ 
late  the  actual  data  has  a  substantially  smaller  value 
than  the  peak  resistance  observed  in  the  data.  For 
purposes  of  evaluating  the  usefulness  of  our  switch 
for  a  given  load,  however,  it  appears  that  using  a 
square  wave  resistance  of  40-50  mft  gives  a  reasonable 
simulation  for  pulse  lengths  >  0.3  ps.  We  also  show 
in  Fig.  4  the  current  1%  that  would  have  been  trans¬ 
ferred  in  experiment  D  if  the  opening  switch  had 
remained  at  its  initial  resistance  of  ~1.5  mfl.  Com¬ 
parison  of  this  latter  curve  with  the  measured  curve 
shows  the  dramatic  pulse  compression  achieved  with  the 
switching  system. 


Conclusions 

Explosive-driven  plasma  compression  switches  can  be 
used  in  planar  geometry  to  transfer  current  from  in¬ 
ductive  stores  at  currents  up  to  10  MA.  A  simple 
model  can  be  used  to  determine  the  peak  current  and 
risetime  for  a  pulse  transferred  to  a  static  inductive 
load.  Although  the  use  of  the  model  to  describe  ex- 
plosive-generator-powered  experiments  requires  addi¬ 
tional  consideration  of  the  time  dependence  of  the 
generator  inductance,  actual  flux  compression  details 
can  be  neglected  in  many  circumstances.  As  long  as 
power  levels  do  not  significantly  exceed  1.5  TW,  the 
switch  can  be  treated  approximately  as  a  40-50  mB 
square  wave  resistance  in  the  simple  model.  This  re¬ 
sult  holds  for  pulses  that  e-fold  in  times  >  0.3  ps. 
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